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We report the experimental observation in thin films of the hybridization of the uniform ferromagnetic resonance mode
with nonuniform magnons as a result of the two-magnon scattering mechanism, leading to a frequency-pulling effect
on the ferromagnetic resonance. This effect, when not properly accounted for, leads to a discrepancy in the dependence
of the ferromagnetic resonance field on frequency for different field orientations. The frequency-pulling effect is the
complement of the broadening of the ferromagnetic resonance lineshape by two-magnon scattering and can be calcu-
lated using the same parameters. By accounting for the two-magnon frequency shifts through these means, consistency
is achieved in fitting data from in-plane and perpendicular-to-plane resonance conditions.
Magnetization dynamics of ferromagnets are influenced by
many factors, such as magnetocrystalline anisotropy, interfa-
cial anisotropy, and Gilbert damping. It is of technological
interest to study these phenomena in order to understand, for
example, the physics governing magnetization switching by
spin torque.1 Two-magnon scattering (TMS), an extrinsic re-
laxation process of uniformmagnetization precession in ferro-
magnets, is an important phenomenon that influences magne-
tization dynamics. TMS is commonly observed as a broaden-
ing of ferromagnetic resonance (FMR) lineshapes, but it may
also lead to a shift in the FMR frequency.2–4 Although the
broadening of the FMR lineshape caused by TMS is often im-
possible to ignore, the latter effect is more subtle and almost
universally neglectedwhen FMR data are used to extract static
magnetic properties of materials.
In this letter, we demonstrate the existence of a frequency-
pulling effect in ferromagnetic resonance induced by two-
magnon scattering in a polycrystalline Fe0.7Ga0.3 thin film for
in-plane applied magnetic fields. We show that the line shifts
can be accounted for in a manner that is self-consistent with
the observed linewidth-broadening induced by two-magnon
scattering and the field-dependent resonance dispersion when
the applied magnetic field is perpendicular to the plane.
The samples used in this report are 33 nm Fe0.7Ga0.3 films
deposited on Si/SiO2 substrates at room temperature by sput-
tering. The working pressure was adjusted by Ar (99.999%).
The films were verified to be polycrystalline and without tex-
ture, i. e. preferred crystalline orientation, using x-ray diffrac-
tion (XRD). The lack of magnetic anisotropy in the plane
of the film was verified with vibrating sample magnetome-
try (VSM) and FMR. Grain boundaries were observed with
atomic force microscopy (AFM), yielding an average grain
diameter of ∼15 nm [see Fig. 1(a)]. This is in good agree-
ment with the structural coherence length, which was esti-
mated to be 13 nm with XRD. Figure 1(b) shows a symmetric
θ/2θ XRD scan of the Fe0.7Ga0.3 (110) peak with the scat-
tering vector normal to the plane. It was verified with a two-
dimensional detector that the intensity of this Bragg peak is
constant for fixed values of the scattering angle 2θ as the scat-
tering vector is canted into the plane, indicating the absence
of texture.
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FIG. 1. (a) Atomic force microscopy image of the Fe0.7Ga0.3 film.
Root-mean-square roughness is 0.7 nm. (b) X-ray diffraction sym-
metric scan of the Fe0.7Ga0.3 film showing the (110) Bragg peak.
The structural coherence length determined from the full-width-at-
half-maximum of the Bragg peak is 13 nm. (c) Thin-film magnon
dispersion for in-plane magnetization and wavevectors q ‖ M, with
an arrow indicating the two-magnon scattering process. (d) Field-
swept FMR linewidths of the Fe0.7Ga0.3 film with in-plane applied
magnetic field overlaid with a fit to a combined two-magnon scat-
tering and Gilbert damping model. The Gilbert damping α (a fit
parameter) and defect correlation length ξ (fixed) are shown on the
figure.
Ferromagnetic resonance lineshapes were measured at
room temperature using a coplanar waveguide with modu-
lation of the applied magnetic field for lock-in detection as
described in Ref. 5. The lineshapes were measured for both
in-plane (IP) and perpendicular-to-plane (PP) applied fields.
When the field (and hence, magnetization) is IP, there are
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FIG. 2. Frequency as a function of resonance field for IP (red circles)
and PP (black squares) orientations of the magnetic field, overlaid
with fits to Eqs. (1) and (2), respectively. Fit parameters 4piMe f f
and g-factor are indicated on the figure for both cases. Inset shows a
close-up of the IP orientation at low frequencies.
magnons degenerate with the q = 0 FMR magnon [see Fig.
1(c)]. This leads to a possible scattering mechanism of the
FMR mode, observable through its nonlinear effect on the
field-swept linewidth as a function of frequency,2–4 shown in
Fig. 1(d) for the Fe0.7Ga0.3 film. This is the TMS process, and
it is allowed as long as some assisting process enables conser-
vation of momentum.
The resonance frequencywas fit as a function of the applied
magnetic field H0 to the Kittel equation for a thin film with no
in-plane magnetic anisotropy, which reads as
ωFMR = γ
√
H0(H0+ 4piMe f f ) (1)
for H0 in the plane and
ωFMR = γ(H0− 4piMe f f ) (2)
for H0 perpendicular to the plane,
6 with γ the gyromagnetic
ratio and 4piMe f f the effective demagnetizing field. Hence-
forward we will express the gyromagnetic ratio in terms of the
Landé g-factor, via γ = g µB
h¯
. Figure 2 shows field-dependent
resonance dispersions for IP and PP applied fields, along
with fits to Eqs. (1) and (2). For the PP case we obtain
g = 2.0564±0.0007 and 4piMe f f = 13.821±0.004 kOe, and
for the IP case g = 2.14±0.01 and 4piMe f f = 11.7±0.2 kOe.
The PP value of 4piMe f f = 13.821 kOe is higher than previ-
ous bulk measurements7 but is similar to values obtained in
thin films8. The inset shows a close-up of the IP data at low
frequencies, from whence it is clear that a discrepancy exists
between the IP data and the fit to Eq. (1). There is no in-plane
magnetic anisotropy, so the discrepancy cannot be attributed
to an in-plane anisotropy field. Furthermore, the parameters
yielded by the fits in either case are drastically different. In
light of these inconsistencies, we proceed to investigate the
effect of TMS on the IP field-dependent resonance dispersion.
One of the primary characteristics of TMS is that it can be
suppressed by orienting the magnetization perpendicular-to-
plane, a result of the disappearance of degeneracies in the spin
wave dispersion as the magnetization is rotated perpenicular
to the plane.9 Later this fact will be used to control for TMS,
allowing the observation of the noninteracting or “bare” prop-
erties when the film is perpendicularly magnetized.
The breaking of momentum conservation in TMS neces-
sitates the presence of defects in order to drive the process.
There are numerous categories of defects which may cause
TMS. Among the prominent ones are surface roughness,2,10
dislocation networks,11 and grain boundaries.3,4 We will fo-
cus here on TMS induced by grain boundaries, having con-
firmed the structural isotropy of the films with XRD as well
as observing grains directly with AFM. These characterization
data also allow us to constrain the defect lengthscale, which
partially determines the strength of coupling between q = 0
and q 6= 0 magnons. In the context of TMS, the grains lead
to a spatially inhomogeneous and random anisotropy field.
The inhomogeneous field allows for interaction between the
FMR mode and modes at nonzero wavevector, providing both
an additional relaxation channel and a change in the effective
stiffness of the FMR mode. These can be described as imag-
inary and real shifts in the FMR frequency, respectively. A
perturbative model of TMS for this system gives the follow-
ing result for the complex frequency shift of the FMR mode
due to interactions with modes at nonzero wavevector:3,4,12
∆ωT MS = γ
2ξ 2H ′2
∫
d2q Λ0q
1
(1+(qξ )2)3/2
1
pi
1
(ω −ωFMR)− iδω
(3)
where H ′ is the root-mean-square inhomogeneity field, ξ is
the defect correlation length, Λ0q is the magnon-magnon cou-
pling strength, and δω = (dω/dH|HFMR)
αω
γ is the Gilbert
frequency half-width-at-half-maximum linewidth. The imag-
inary part of Eq. (3) corresponds to the well-known TMS con-
tribution to the FMR scattering rate, i. e. linewidth. Lesser
known, however, is the real part, which describes a shift of
the FMR frequency due to TMS. This effect has been pre-
viously reported in ultrathin films of Ni0.5Fe0.5,
13 but a lack
of broadband measurements leaves the results open to inter-
pretation (such as the possibility of it having arisen from in-
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FIG. 3. Linewidths (left ordinate) and line shifts (right ordinate) in-
duced by two-magnon scattering for the Fe0.7Ga0.3 film. Blue data
points are the linewidths shown in Fig. 1(d) with Gilbert damping
(α = 0.012) and inhomogeneous broadening (∆H0 = 10 Oe) sub-
tracted (the inhomogeneous broadening is determined from the PP
measurement). The linewidths are determined by fitting to the total
linewidth as a function of frequency [Fig. 1(d)] and the line shifts
given by the red curve are calculated from the real part of Eq. (3)
using the fit parameters from the fit of the linewidths.
terface anisotropy). In addition, the strength of two-magnon
scattering in our system is much greater, with nearly all of
the linewidth-broadening resulting from TMS at low frequen-
cies (<∼ 10 GHz). Having fit the field-swept linewidths to the
imaginary part of Eq. (3), including contributions fromGilbert
damping (linear with frequency) and inhomogeneous broad-
ening (constant with frequency), we use the fit parameters α
and H ′ to calculate the FMR frequency shifts from the real
part of Eq. (3). We hold the defect correlation length ξ fixed to
14 nm based on the structural characterization described ear-
lier. Both the TMS field-swept linewidths and FMR frequency
shifts are shown in Fig. 3. The strong frequency-pulling effect
of TMS is evident from the red curve in Fig. 3, with red shifts
approaching 1 GHz at low frequencies.
We now discuss how the aforementioned inconsistency be-
tween IP and PP field-dependent resonance dispersions, and
the inability to obtain a good fit of the IP data to Eq. (1),
can be explained by the frequency-pulling effect of TMS.
The absence of TMS for PP magnetization is of particular
convenience in our case because it allows determination of
the effective demagnetizing field 4piMe f f and the Landé g-
factor, which together can in principle be used to predict the
FMR field-dependent dispersion for IP magnetization. A di-
rect measurement of the dispersion for IP magnetization is
not possible due to the line shifts caused by TMS. To ad-
dress this problem, the IP FMR frequencies are blue-shifted
using the red curve shown in Fig. 3, representing the FMR
frequencies in the absence of TMS. We then fit the corrected
IP FMR frequencies to Eq. (1), fixing 4piMe f f to the PP value
of 13.821 kOe and leaving the g-factor as a free parameter. (A
small amount of surface anisotropy may lead to an anisotropy
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FIG. 4. Ferromagnetic resonance frequencies, blue-shifted by
amounts given by the red curve in Fig. 3, shown as a function of
applied field for the IP configuration overlaid with a fit to Eq. (1).
The effective demagnetizing field 4piMe f f is fixed to 13.821 kOe
based on the fit to the PP data (black squares of Fig. 2); the only
fit parameter is the Landé g-factor. The inset shows a close-up at low
frequencies.
of the orbital moment of the film, leading to an anisotropic g-
factor.6) The shifted IP FMR frequencies, along with the fit to
Eq. (1) for fixed 4piMe f f , are shown in Fig. 4. This fit yields
g = 2.045± 0.001—less than 1% lower than the PP value of
g = 2.0564± 0.0007. The inset of Fig. 4 shows a close-up of
the data and fit at low frequencies in order to emphasize that
the poorness of the fit seen in the inset of Fig. 2 for the un-
shifted FMR frequencies is absent here. It is clear from Fig.
4 that the frequency-pulling effect of TMS is successful at ex-
plaining the inconsistencies we have encountered.
In conclusion, we observe a frequency-pulling effect of the
ferromagnetic resonance in a thin film of Fe0.7Ga0.3 for mag-
netization in the plane of the film. It is shown that this effect
can be explained by the hybridization of the ferromagnetic
resonance with nonuniform magnons as a result of the two-
magnon scattering interaction. The line shifts can be predicted
from the two-magnon induced broadening of the lineshapes,
whereby a consistency is obtained with the lineshapes mea-
sured when the magnetization is perpendicular to the plane
of the film. Our results highlight the importance of account-
ing for two-magnon scattering when using ferromagnetic res-
onance as a characterization technique, a fact which is usually
ignored in the determination of static properties.
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